X-ray small angle scattering of the human transferrin protein aggregates. A fractal study  by Castellano, A.C. et al.
X-ray small angle scattering of the human transferrin
protein aggregates
A fractal study
A. Congiu Castellano,* M. Barteri,* A. Bianconi,* E. Borghi,* L. Cassiano, M. Castagnola,§ S. Della Longa,$
and A. La MonacaI
*Dipartimento di Fisica Universita' "La Sapienza" 00185 Roma; *Istituto di Medicina Sperimentale Universita' dell'Aquila, 67100
L'Aquila; §C.N.R. Centro di Studio della Chimica dei Recettori e delle Molecole Biologicamente Attive and Istituto di Chimica Universita'
Cattolica del Sacro Cuore 00168 Roma; and IINFN Laboratori Nazionali di Frascati, 00044 Frascati, Italy
ABSTRACT X-ray small angle scattering experiments, using a pin hole SAXS camera with Synchrotron radiation source, have been
performed to study the conformational changes of lyophilized samples of Apo-, Mono-, and Diferric- human transferrin. We report the
experimental evidence that the analysis of the scattered intensity through the fractal theory may give information on the particle size and
its variation upon iron binding.
INTRODUCTION
The clustering of small particles into a large randomized
object is a commonly occurring phenomenon: in biologi-
cal systems one finds that heating, cooling, and the lyoph-
ilization processes lead to protein aggregation. These ef-
fects are influenced by many parameters such as pH and
ionic strength. Many theoretical and experimental works
show that both structure and surface ofproteins are frac-
tals ( 1-5). However, there is only one study ofthe fractal
nature of the protein clusters. Jossang et al. (6) showed
that the cluster of the human IgG, obtained by a heat
aggregation, have an effective hydrodynamic radius
which can be described by a Smoluchowski aggregation
process (7), though refinements of this model could ac-
count for the nonspherical shape of clusters containing
only few monomers.
We have employed Synchrotron Radiation source and
a novel SAXS instrument that allows the investigation of
anisotropic ordered materials. The advantages in the use
of Synchrotron Radiation for SAXS studies are due to
the high incident flux and low angular divergence which
give high count rates with good resolution.
We have compared the scattering intensities of the ly-
ophilized samples of Apo-, Mono-, and Diferric- trans-
ferrin. The human serum transferrin (MW, 80,000) is a
metal binding glycoprotein, whose primary function is
the transport of iron in the plasma of vertebrates. At
present there is a large interest in the structural modifica-
tions ofthe transferrins upon metal binding. There have
been suggestions that serotransferrin may also play a role
in the transport ofa variety of metal ions such as Zn and
Al ions that seem correlated to the pathology of some
central nervous diseases (8). Serum transferrin may also
have a further role in stimulating the growth of cells that
is unrelated to its transport function (9). The crystal
structure analysis of Diferric- serum rabbit transferrin at
3.3 A resolution has been reported (10). The molecule
has a (3 a structure consisting of a single polypeptide
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chain folded into two lobes, each containing some 330
amino acids and a single iron binding site. The shape of
each lobe has been described by a prolate ellipsoid of
approximate semiaxial dimensions 21 x 25 x 35 A with
the major axes of the N and C lobes running almost
antiparallel to one another at an angle of 155°. Each lobe
is comprised of two dissimilar domains with the iron
binding site situated at the domain interface.
X-ray small angle scattering (1 1, 12), dielectric dis-
persion, and viscosity measurements, on water solutions
of serum transferrin ( 13), reveal structural changes that
take place upon uptake and release of iron that may in-
volve the opening and closing of the domain cleft. In
particular, the molecules in solution become more com-
pact upon iron saturation (characterized by a decrease of
the radius ofgyration), while exactly the opposite behav-
ior has been observed in the apolactoferrin crystal struc-
ture ( 14) as reported in the discussion section.
The results obtained by means the scattering experi-
ments on the protein in solution arise from an average
conformation of the protein rather than from the
"static" structure as obtained by single crystal diffrac-
tion. The crystallization conditionsmay stabilize a partic-
ular conformation ofthe molecule where the crystal envi-
ronment "freezes" one of several accessible conforma-
tions for a flexible protein. A similar static conformation
could be selected by the lyophilization process. It is
worth noting that the structural modification in lyophi-
lized protein is already an open problem involving revers-
ible conformational transitions and dehydration of the
polypeptidic chains.
The aim ofthis study is to find out whether the clusters
of a protein, obtained by lyophilization process, may be
described as a fractal object and to use such an analysis
to probe structural details.
FRACTAL THEORY OF PROTEINS
Several theoretical models have been introduced re-
cently to describe the growth of clusters. In the diffusion
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limited aggregation (DLA) model ( 15 ), in the diffusion
limited cluster aggregation (DLCA) model ( 16), aggre-
gates of molecules grow by adding one molecule at a
time. In two-dimensional computer simulations the
fractal dimension, D, near 1.4 and in three dimensions,
D = 1.78, are found. In experimental situations, the ex-
act nature of the kinetic mechanism and the chemical
bonding relevant for the aggregation are not known. The
reaction limited cluster aggregation (RLCA) model ( 17)
proposes a realistic growth process, because it is able to
interpolate between a purely diffusive and a purely chem-
ical situation. Different values of the fractal exponents
found in the experimental results may be explained by a
number of different effects that determine the character-
istics of the cluster growth ( 18).
It is worth noting that the protein clusters formed by
the addition of diffusing a single molecule are not tightly
packed with a constant density, but are rather like a ran-
dom coil polymer (6). In this case, the radius grows as-
ymptotically and the cluster satisfies the number-radius
relation in the form Ri = r0ib (where i is the monomeric
molecule) with b = ID.
On the other side, the model introduced by Stapleton-
Helman (1, 5) to describe the fractal dimension in the
proteins is a self-avoiding walk (SAW) with massless
bonds and has a theoretical dimensionality of 5 / 3 (19).
In computing the fractal dimension of a biopolymer
chain, according to Colvin (3), one can count the num-
ber ofmonomers N(R) as a function ofa radial distance
R from an arbitrary origin and fit N(R) to RD. For pro-
teins, the x-ray crystallographic coordinates ofthe alpha
carbons are used. The fractal dimension D of the chain
can be defined as the scaling exponent of the contour
length (length along the chain, proportional to N) with
respect to the end-to-end length. The values resulting for
50 proteins studied by Colvin fall among (a) a linear
chain, and (b) an unrestricted random walk in three-di-
mensional spaces. The range of the values is 1.19-1.82
for IGG FAB light (208 monomers) and for agglutinin
lectin ( 164 monomers), respectively. It is also possible
to reach the same result ignoring the path ofthe protein's
polypeptide back bone and simply scaling the total mass
with respect to the distance in the embedding space. If
the average residue mass is assigned to each alpha carbon
of the polymer and simply counting all alpha carbons
within spheres of radius R, the values change between
1.62 and 2.24.
MATERIALS AND METHODS
Human serum apotransferrin (Sigma Chemical Co., St. Louis, MO) of
stated 97% purity was used without further purification.
For the preparation of the Diferric- transferrin (FeNTfFeC) iron
was added to apotransferrin 0.2 mmol/liter in 0.100 mol/l Hepes,
0.025 mol/I NaHCO3 pH 7.50, using Fe(NH4)(SO4)2 2 mmol/liter in
HCI 2 mmol/liter, until the protein reached -95% of saturation, as
described by Thompson et al. (20). The carboxy terminal monoferric
transferrin (TfFeC) was prepared by adding the appropriate amount
of iron, always as ferric ammonium sulfate, to the protein in 0.100
mol/liter MES, 2 mmol/l NaHCO3, pH 5.5. Urea-PAGE of reaction
mixtures revealed that under these conditions the metal binds to the
carboxy terminal site. The unbound metal was removed by dialysis
against the respective buffers, the samples were liophylized and the
powders directly used for the small angle scattering measurements.
The x-ray experiments were carried out at the Frascati wiggler (6-
poles B = 1.85 T, Ec = 2.7 keV) beam line. The SR source was operat-
ing at an electron energy of 1.5 GeV with an average electron beam
current of 30 mA single bunch. The SR was monochromatized by a Si
( 111 ) channel cut single crystal. Data were collected at fixed wave-
length X = 1.54 A (AX/X = 10-4) with a beam of 0.68 x 0.51 mm2 of
cross-section and an intensity of 2.4 10' ph/s on the sample.
The diffraction apparatus, already described in detail (21, 22), incor-
porates a gas drift-chamber area position sensitive detector connected
to a fast computerized data acquisition system (0.7 MHz) with a real-
time graphic display using TDC, CAMAC, VME systems. The drift-
chamber area detector has uniform sensitivity ofdetection, high spatial
resolution in both dimensions (X drift and Y delay) ofat least 155 ,um,
and a high count acquisition rate (2 x 10-4 CpS/piX). With this setup, it
is possible to measure a scattering momentum ofthe order kmin = 8 x
10-3 A-'. The SAXS camera was situated at 35 m from the wiggler
source; a circularly collimated primary beam of diameter 0.5 mm was
obtained using a pin-hole collimator consisting of 0.5 and 0.7 mm
diameters made in gold disks, in truncated conical shapes. The beam
stop (2 mm width), placed on the entrance window of the detector, is
also made of gold and can be moved by remote control for alignment.
The detector plane was placed at 500 mm from the specimen to record
one half of the symmetric scattering pattern, over 1800, on one side of
the equatorial plane. Under these conditions, the relative angular reso-
lution of the camera was Akk/kmin = 0.15.
The measurements have been carried out in the range 10-2 <
k (A-' ) < 10-' on samples freshly prepared. For each protein, five
samples were used and the results here reported are the average values
calculated on at least five to seven scattering curves. The total data
collection time for a protein was 20 min to allow sufficient statistics.
To confirm the absence of radiation damage after x-ray exposure,
suitable amounts of protein were dissolved in a buffer solution and
examined using Vis-UV optical spectroscopy.
EXPERIMENTAL RESULTS
From the SAXS pattern of lyophilized samples we have
obtained the scattering intensity vs. the scattering vector
k (A- '). In order to analyze our experimental data with
the fractal theory, we report the double logarithmic repre-
sentation of scattering curves (Fig. 1 ) for the samples of
Apo-, Mono-, and Diferric- human transferrin. In this
figure it is clear that the scattered intensity is almost lin-
ear between the points k = I /R and k = r/rO. As it is
shown in the figure, it is evident that the values of the
upper and lower cutoff reported in Table 1 are different
for the three samples. In the region 1 /R < k < 1 /rO the
scattered intensities fall on a straight line with a slope of
-1.13 for the apotransferrin, -1.52 for monoferric, and
-1.38 for Diferric- form. From k > 1 /ro there is another
linear regime of the scattered intensities with a slope of
-4.01 for the apotransferrin, -4.08 for monoferric, and
-3.83 for Diferric- form (Table 1).
DISCUSSION
In the SAXS experiment (23) the scattered intensity is
separated into two factors P(k) and S(k):
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P(k)= KIF(k)12
a
-1 13 g~~~~~~(k)- 1 + )>1k IS(k) - II,Apo-Trf S(k)=l+,vllKF(k)12>
where F( k) is the form factor of the particle and S( k) is
the interparticle structure factor.
At small k (kro< 1), P(k) 1 and I(k) S(k), on
the contrary at large k (kro > 1) S(k) 1 and I(k) -
I/R I/r 4PP(k). One expects then at k = 1 /rO a crossover from a
:| | oregi n where I(k) essentially depends on S(k) to a re-
: I~ . gion where I(k) depends on P(k).
5 -4.6 -4.2 -3.8 -3.4 -3 In the range /R<k< I /ro, where R is the size ofthe
In k cluster and ro is the radius ofthe monomers that form the
---I fractal cluster, S(k) has the limiting value
I/r
-5 -4.6 -4.2 -3.8
In k
lim S(k) = 1 + const/(kro)D - (kro)-D
R---o
This is a result very often used to analyze the scattered
-4.08 intensity by a fractal object. It is clear that it applies only
in an intermediate k region for which both inequalities
kR > 1 and kro < 1 are verified.
At very small k, S(k) must saturate and we have a
transition to the so-called Guinier regime. This is be-
cause there must be an upper length scale cutoff that
-2.9 -2.5 reflects the overall size ofthe system or the length scale at
which the cluster density approaches the average density
(1). It is necessary to note that the question of small
cluster size requires a particular attention since the
length scales characterizing the particle diameter and theD,ferric-Trf cluster size may be sufficiently close to make the determi-
nation of ro and R difficult (24). Our experimental re-
sults show that in the range 1 /R < k < 1/ro, where R is
the size of the cluster and ro is the radius of the mono-
* mers that form the fractal cluster, the scattered intensi-
-3.83 ties fall in a double logarithmic plot on a straight line
with a slope of -1.13, -1.38, -1.52 (in the different
compounds), which are the fractal dimensions.
For k > 1 / rO there is another linear regime ofthe scat-
tered intensities with a slope of --4. This slope is the
-34 - 3 one that is theoretically expected for the monomers that
form the fractal structure.
FIGURE I Plot In (I) vs. In (k) for the lyophilized samples ofhuman
Apo- transferrin (a), Mono- transferrin (b), and Diferric- transferrin
(c). The arrows indicate the points, where k = 1 /R and k = 1 /rO. The
slopes of the linear regions are reported in Table 2.
I(k) = tP(k)S(k),
where k is the scattering vector defined as
k = 4ir/X sin 0/2.
4b = N/V is the number of individual scatterers in the
sample,
TABLE 1 Data for apotransferrin and its iron complexes
Radii of Slope for Slope for
gyration IIR < k < IlrO k > Ilro
A
Apo- R = 77.1 ± 0.4 -1.13 -4.01
ro = 38.1 ± 0.4
Mono- R = 57.7 ± 0.4 -1.52 -4.08
ro = 32.4 ± 0.4
Diferric- R = 83.0 ± 0.4 -1.38 -3.83
ro = 39.6 ± 0.4
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TABLE 2 Our experimental data of ro compared with those of other researchers
Syn-rad x-ray Neutron X-ray Syn-rad x-ray
scattering scattering scattering scattering
(this work)* (reference 25)* (reference 11)* (reference 12)$
A A A A
Apo- 38.1 ± 0.4 30.25 ± 0.49 33.0 ± 0.5 32.5 ± 0.2
Mono- 32.4 ± 0.4 32.8 ± 0.5
Differic- 39.6 ± 0.4 31.5 ± 0.5 31.4 ± 0.2
* Samples lyophilized, $ in solution.
For large k:
q)()~V2(P -Po)2(kro > 1 ) P(kr0)4
The experimental result is therefore an indication that
the protein remains intact in the aggregate.
The small number of the monomers bounded in the
cluster deduced by the values of R and ro could have
been explained by the aggregation process ofthe proteins
as proposed by Jossang (6). It is well known that only
certain relative conformations, orientation and configu-
rations of the protein molecules may lead to the forma-
tion of clusters through a number of dipolar and electro-
static interactions. In addition, the cluster may have to
overcome a potential barrier, probably including the
rupture of a number of weak bonds, before that a stable
configuration is reached. This fact may explain why the
clusters are formed by only few monomers and why the
values of the exponent in the experimental results may
be different from the theoretical values.
In Table 2 our experimental data are compared with
those of other researchers. While the decrease of the ra-
dius of gyration indicates that the molecule of the trans-
ferrins in solution seems to be more compact upon satu-
ration with iron, in the lyophilized samples the higher
size is observed in the saturated molecule such as in the
apolactoferrin crystal structure ( 12, 14).
The same trend obtained both in the crystalline and in
the lyophilized state could be attributed to fact that the
protein has a similar static conformation in the two
states.
Moreover we observe that while the ro value of the
Mono-ferric transferrin is comparable with those found
on water solutions of the transferrins, the gyration radii
of the Apo- and Diferric- lyophilized specimens are
higher with respect to those of the samples in solution.
As reported in reference 13, using dielectric dispersion
and viscosity measurement, the progressive binding of
iron ions determines a remarkable conformational
change that involves the opening and closing of the do-
main cleft, while the hydration value remains high.
This peculiar result could be explained by taking into
account that the lyophilization process removes the bulk
water (solvent) but the structured water (a few percent
ofthe total) bound in the domain ofthe protein remains.
The conformational structures ofthe proteins are deeply
affected by the presence of these kinds ofwater, as well as
the presence of the solvent, because the water gives an
important contribution to the folded structure, by
means of hydrophobic, hydrogen bonding, and electro-
static interactions.
Probably, the absence ofwater in our samples induces
a new conformational structure that could give larger
values of ro. The different behavior of the Monoferric
transferrin could be related to the fact that the molecule
is more asymmetric with respect to the Apo- and Di-
ferric-molecule, and this property perhaps determines
the value of the gyration radius.
CONCLUSIONS
The comparison between the experimental results on
Apo-, Mono-, and Diferric human transferrin com-
pounds, interpreted by the fractal theory, allows us to
distinguish the particle and the cluster size and their con-
tributions to the scattered intensity. Moreover, the exper-
imental data confirms that the iron binding produces
conformational changes in the protein molecules in
agreement with earlier data.
An extension of these experiments on aggregates of
hemocyanins and other proteins is in progress, to probe
if the fractal structure is a property ranging from the
molecule of a protein up to their clusters.
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